Introduction
Finegoldia magna (formerly Peptostreptococcus magnus ) is a member of the normal microbiota that colonizes the skin, mucous membranes, oral cavity and the gastrointestinal and urogenital tracts [1, 2] . It is an obligately anaerobic bacterium that is a member of the Gram-positive anaerobic cocci (GPAC). As well as being a commensal, F. magna is also an opportunistic pathogen and is the most common GPAC isolated from anaerobic specimens [1, 2] . Infections from which it is isolated include soft tissue abscesses, wound infections, bone and joint infections and vaginoses [1] [2] [3] [4] [5] [6] . Most likely, the incidence of F. magna in clinical infection is highly underestimated due to problems obtaining good-quality anaerobic specimens and difficulties associated with handling and growing of these bacteria. Currently, F. magna is susceptible to most antibiotics used for the treatment of anaerobic infections. However, there have been reports of an increase in resistance rates to erythromycin and tetracycline [7] [8] [9] .
Investigations on F. magna mechanisms of infection have identified possible virulence factors, such as the production of collagenase and gelatinase enzymes [10] and capsule formation [11] . In addition, most strains have been found to express SufA, a subtilisin-like enzyme that has already been shown to have multiple functions in the bacteria [12] . It protects the bacteria from antimicrobial peptides (AMPs), such as LL-37 and MIG/CXCL9, and cleaves fibrinogen, resulting in delayed wound healing and clotting [12] [13] [14] . Protein L is a surface protein expressed by approximately 10% of F. magna isolates that has an affinity for immunoglobulin κ light chains and induces the release of pro-inflammatory mediators such as IL-4 and IL-13 from human FcεRI+ cells [15, 16] . Protein PAB is another surface protein of F. magna and has an affinity for albumin through the GA module [17] . PABexpressing F. magna strains have an up to 50% increase in growth rate, giving them a selective advantage during infection [18] .
Protein FAF is a recently described surface protein that is expressed by more than 90% of F. magna isolates [19] . As well as being present on the surface, it is also released in the form of a 53-kDa fragment by SufA and forms large protein aggregates in solution. FAF has already been found to have multiple functions, including binding to BM-40 at the basement membrane of the skin and neutralising the bactericidal activity of AMPs such as LL-37, MIG/CXCL9, midkine, BRAK/CXCL14 and hBD-3 [19, 20] .
Histones are largely known to be involved in transcription regulation and DNA repair, replication and condensation. They undergo extensive post-translational modifications that effect transcription and other DNA-related mechanisms [21, 22] . In addition, studies have shown that histones also have antimicrobial properties and histone-derived peptides with antimicrobial activity have been identified [23, 24] . Histone H2A was found to kill Shigella flexneri , Salmonella typhimurium and Staphylococcus aureus at a concentration of only 140 n M within 30 min, proving itself to be an effective antibacterial protein [25] . Furthermore, histones have been found to be released in the skin by sebum-secreting sebocytes as part of the innate immune response to pathogens, resulting in exposure of commensals, such as F. magna , to their antimicrobial action [26] .
In this study, protein FAF was found to bind to histones H2A, H2B and H4 that were extracted from epidermal skin extracts. Furthermore, SufA was shown to degrade these histones, resulting in a dual barrier protective function for F. magna . Through the binding and degradation of histones in the skin epidermis by FAF and SufA, F. magna is protected from their antimicrobial activity.
Methods

Bacteria and Growth Conditions
The F. magna strain 505 used in this study was isolated from a clinical infection site in the urethra of a patient at the Department of Clinical Microbiology, Skåne University Hospital, Sweden. F. magna strain ALB8 isolate was from Lund University Hospital, Lund, Sweden, and has been described earlier [17] . The bacteria were grown under strict anaerobic conditions in Todd-Hewitt broth (Difco) supplemented with 0.5% Tween-80 at 37 ° C.
Proteins, Plasma, Antibodies and Reagents
Histones H1, H2A, H2B, H3 and H4 were purchased from New England Biolabs. Anti-FAF antibodies were raised in rabbits as described [19] . Fresh-frozen citrated plasma was obtained from healthy individuals from the blood bank at the Lund University Hospital and stored at -80 ° C until use. Rabbit anti-human H2B was purchased from Abcam. Horseradish peroxidase (HRP) conjugated goat anti-rabbit IgG was purchased from Pierce. SufA was purified natively from F. magna ALB8 treated with papain as described previously [12] . Recombinantly expressed protein FAF [amino acid (AA) , and FAF fragments I (AA 28-115), II (AA 28-317) and III (AA 239-616), schematically depicted in figure 3e, were obtained as fusion proteins with glutathione S-transferase (GST) as described [19] . The GST-tag was removed with PreScission protease according to the manufacturer's instructions (Amersham Biosciences).
Epidermal Lysis from Human Skin
Skin specimens were obtained as excess healthy tissue from skin surgery, under protocols approved by the Ethics Committee at Lund University (permit No. LU 762-02). Subcutaneous fat tissue was removed using scissors and the skin was cut into small pieces measuring approximately 1 cm 2 . The skin was incubated overnight under rotation at 4 ° C in epidermolysis buffer (50 m M Tris, 20 m M EDTA, pH 4.0) in the presence of Roche cOmplete Mini protease inhibitor cocktail (Roche; one inhibitor cocktail tablet per 10 ml solution). Solid NaCl was added to a final concentration of 1 M and incubation was continued for a further 3 h at 4 ° C. The epidermis could then be manually removed from the dermis using a tweezer.
Extraction of Proteins from Epidermal Skin Extracts
The epidermis from a 1-cm 2 skin segment was transferred to 500 μl of 20% SDS in an Eppendorf tube and boiled for 20 min. Insoluble fragments were removed by spinning at 13,000 g for 20 min at room temperature. The supernatant was transferred to a fresh tube and spun again to remove all insoluble fragments.
Slot-Binding, SDS-PAGE and Western Blot Analysis
SDS-PAGE was performed as described by Neville [27] . Samples were prepared for boiling in sample buffer containing 2% SDS and 5% β-mercapto-ethanol for 5 min and 15% SDS-PAGE or 4-20% Tris-glycine gradient gels (Thermo Scientific) were used to study FAF-histone interactions. Separated proteins were visualised by Coomassie blue staining. For Western blot analysis, proteins were electrophoretically transferred to a polyvinylidene difluoride (PVDF) membrane (Amersham Biosciences). Proteins were also directly applied to PVDF membranes using a Milliblot-D system (Millipore). Membranes were blocked in a phosphate-buff-396 ered saline-Tween [PBS containing 0.1% Tween-20 (PBS-T)] solution containing 5% (wt/vol) skim milk powder at 37 ° C for 30 min. The membranes were then incubated with FAF (0.23 μ M ) for 1 h at 37 ° C in blocking buffer. Membranes were washed three times with PBS-T for 5 min followed by incubation with primary antibodies (rabbit anti-FAF 1: 1,000 dilution) in blocking buffer at 37 ° C for 30 min. Membranes were washed three times with PBS-T for 5 min followed by incubation with HRP-conjugated goat antirabbit secondary antibody (1: 3,000 dilution) in blocking buffer at 37 ° C for 30 min. Following a repeat of the wash steps, bound antibodies were detected by chemiluminescence as described by Nesbitt and Horton [28] .
Immunoprecipitation of FAF in Complex with Histones
Epidermal skin extract (150 μl) was incubated with recombinant FAF (1.55 μ M ) for 3 h at room temperature. Rabbit anti-H2B antibody was added at a concentration of 1 μg/ml and incubated for a further hour at room temperature with end-over-end rotation. Fifty microlitres of protein A Sepharose (2 mg/ml; GE Healthcare Bio-Sciences), pre-washed 4 times with PBS, were added and incubated for a further 4 h at room temperature with end-over-end rotation. The Sepharose beads were collected by spinning at 3,000 g for 5 min, the supernatant was discarded and the Sepharose washed 4 times with PBS. Following the final wash step, the Sepharose was boiled in 20 μl SDS sample buffer for 5 min to elute any bound protein FAF. The sample was spun again and the supernatant analysed by SDS-PAGE and Western blot.
Bactericidal Assay F. magna 505 and ALB8 were grown to mid-log phase (A620 ≈ 0.4-0.6) in Todd-Hewitt broth supplemented with Tween-80. Bacteria were washed and diluted in 10 m M Tris-HCl, pH 7.5. Fifty microlitres of a 2 × 10 6 -cfu/ml solution of bacteria was added to various concentrations of histones H2A, H2B and H4 for 1 h at 37 ° C under strict anaerobic conditions. Bactericidal activity was quantified by plating serial dilutions of the incubation mixtures on blood agar in duplicate, which were incubated anaerobically for 3 days, and the number of cfu was determined. In later experiments, 505 bacteria were incubated with histones together with different amounts of FAF (0.009-0.9 μ M ) for 1 h at 37 ° C and the bactericidal activity was determined.
Cleavage of Histones by SufA
SufA (0.11 μ M ) was incubated with H1, H2A, H2B, H3 and H4 (3.5 μg of each histone) in 50 m M Tris-HCl (pH 7.5). As a control, SufA was substituted with buffer. Following incubation for 3 h at 37 ° C, the samples were subjected to SDS-PAGE analysis using a polyacrylamide concentration of 15%. Further investigation into SufA cleavage of histones was carried out by adding citrated human plasma or human skin epidermal extract to the reaction to imitate physiological conditions. To investigate SufA cleavage in human plasma, 5 or 10% plasma were incubated with 0.11 μ M SufA in 50 m M Tris-HCl (pH 7.5). As no H2B could be detected in human plasma, 3.3 μ M of H2B were added and the reaction was incubated for 3 h at 37 ° C and subsequently analysed by SDS-PAGE. To examine H2B cleavage in epidermal skin extracts, 5.3 μg of epidermal skin extract were incubated with 0.11 μ M SufA in 50 m M Tris-HCl (pH 7.5). The reaction was supplemented with 3.3 μ M of H2B and the incubation was carried out under the same conditions as above.
Results
F. magna Binds to Histones H2B and H4 Extracted from Human Epidermis
To investigate if the surface adhesion protein FAF can mediate F. magna binding to epidermal skin proteins, protein extracts from human skin epidermis were subjected to SDS-PAGE. Separated proteins were transferred to a PVDF membrane, which was incubated with a solution containing FAF. Binding of FAF to epidermal components was detected by using antibodies against FAF. As shown in figure 1 a, FAF bound four proteins from the human skin epidermis. These protein bands were excised from an SDS-PAGE gel and identified by tandem mass spectrometry (MS/MS). The 14-kDa protein band was identified as histone H4, the 17-kDa band as galectin-7 and the 19-kDa band as histone H2B. The 36-kDa band could not be identified due to a too low concentration. Galectin-7 is a member of the family of animal lectins and is involved in epithelial cell migration [29] . One of the ligands to galectin-7 is FAF [Murphy et al., in preparation] , which is further emphasized by the MS/MS analysis of the FAF-interacting bands shown in figure 1 . The aim of this study will be to investigate the biological role of F. magna binding to histones.
Binding of FAF to Purified Histones H1, H2A, H2B, H3 and H4
To investigate the binding of FAF to histones H2B and H4, purified forms of the histones were used and a slotbinding analysis was carried out. Histone H2A was added to the study at this point, considering its high structural similarity with H2B [30] . Binding of FAF to H1 and H3 was also investigated to determine if FAF could interact with all histones ( fig. 2 ). This blot clearly shows strong binding of FAF to H2B and H1, with a slightly less intense binding to H2A and H4 and no binding to H3. This confirms the findings from the epidermal protein extract study and MS/MS analysis.
In order to map the binding of H2A, H2B and H4 to a particular part of the FAF molecule, binding studies by Western blotting were carried out using recombinant FAF fragments that were constructed in a previous study [19] . Fragments I and II correspond to the NH 2 -terminal part of the protein and consist of AA 28-115 (10 kDa) and 28-317 of FAF (32 kDa), respectively. Fragment III corresponds to the COOH-terminal part of FAF from AA 239-616 (42 kDa). A schematic depiction of FAF and the various fragments is shown in figure 3 and H4, with a weaker binding to H2A. There is no binding by FAF fragment I to any of the histones and a very weak binding by FAF fragment II to H2B and H4. The secondary structure of FAF is largely α-helical and is predicted to have a high probability of forming a coiled-coil structure in the most extracellular region of the molecule (AA 28-417) [19] . Secondary structure analysis using Jpred (not shown) predicts that the most COOH-terminal part of the molecule (AA 417-616) does not adopt a coiled-coil structure and is a mixture of α-helix and β-sheet [31] . The COOH-terminal half of FAF (AA 239-616) seems to be an important adhesion site on the FAF molecule and has previously been shown to be responsible for binding to the skin basement membrane protein BM-40 [19] . However, efficient binding to host proteins probably requires a combination of fragments II and III of FAF where there will be a complete coiled-coil structure in the intact protein.
In summary, these results demonstrate an interaction between FAF and histones, where the major part of the binding occurs in the COOH-terminal half of protein FAF. 
FAF Associates with Histone H2B in Solution
To demonstrate that FAF also associates with histones in solution, immunoprecipitation experiments were performed. Western blot analysis of immunoprecipitated proteins using an anti-FAF antibody clearly showed that FAF has associated with histone H2B in solution ( fig. 4 a) . The presence of smaller immunoreactive bands in the FAF sample is due to breakdown of FAF into smaller fragments. Western blot analysis was also carried out using an anti-H2B antibody to confirm that the bands seen in figure 4 a were not background binding ( fig. 4 b) . Lane 1 shows two protein bands that have been bound by the anti-H2B antibody. The highest band is approximately 55 kDa and could represent H2B in complex with a FAF fragment. The lower band represents histone H2B that has not formed a complex with FAF. In order to ensure that the higher band seen in lane 1 is not just the result of cross-reactivity between the anti-H2B antibody and FAF, a further blot was carried out where pure FAF was probed directly with the anti-H2B antibody ( fig. 4 c, lane 1) . This blot shows no cross-reactivity of the antibody with FAF, strongly suggesting that the high-molecular-weight band seen in figure 4 b is actually an FAF fragment in complex with H2B. Figure 4 d exhibits an SDS-PAGE gel with pure FAF and H2B for size comparisons. This experiment demonstrates that in solution the native form of FAF is able to associate with the native form of H2B, thereby protein-protein complexes are formed. The biological function of this interaction is further investigated below.
Bactericidal Activity of H2A, H2B and H4 against F. magna and the Protective Effect of FAF
Previous studies have demonstrated that histones possess antimicrobial activity [23, 25] . Due to the strong association between protein FAF and histones seen in several binding assays, it was investigated whether histones exert a bactericidal activity against F. magna and if this effect can be neutralised by FAF. Initially, a concentration gradient of H2A, H2B and H4 [from 0.1 to 1.0 μg (H2A, H2B: 0. the bactericidal activity against F. magna 505 (a non-FAF-expressing strain of F. magna ) and ALB8 (an FAFexpressing strain). A 100% killing of the 505 strain occurred at all histone concentrations ( fig. 5 ). In contrast, survival of the ALB8 strain increases as the concentration of histones decreases ( fig. 5 ). Survival of ALB8 is highest against H2B, with the least percent survival for H4. This could be due to FAF being able to bind H2B and H2A stronger than it does to H4 ( fig. 2 ) . Therefore, it has a diminished capacity to neutralise the bactericidal activity of H4.
To further investigate the effect of FAF binding on the antimicrobial effect of histones, different concentrations of FAF were tested for its inhibitory effect at bactericidal concentrations of the histones (0.5 μg of H2A/H2B/H4 corresponding to 0.7 μ M of H2A/H2B and 0.9 μ M of H4). In the presence of H2A, H2B or H4 with 0.009 and 0.09 μ M FAF, there is no survival of F. magna 505 ( fig. 6 ). However, the addition of 0.9 μ M FAF almost completely protects the bacterium from the antimicrobial effect of the histones and there is almost 100% survival when compared to a negative control (no histones added).
These results show that the FAF-histone interaction has important biological implications for F. magna . FAF binding appears to protect the bacteria from the antimicrobial activity of H2A, H2B and H4, which is of great advantage to the bacteria during infection, when they are exposed to these peptides.
Histones Are Cleaved and Degraded by SufA
SufA was the first proteinase to be isolated and characterised from F. magna . Studies have found it to have several important functions, including the cleavage and inactivation of MIG/CXCL9, a chemokine with antibacterial activity, and the antibacterial peptide LL-37 [12, 32] . Therefore, its interaction with histones was also investigated as part of this study ( fig. 7 ) . SufA was found to completely degrade H1, H2A and H2B and cleavage of H3 and H4 can also be clearly seen. In order to examine cleavage of histones by SufA under more physiological-like conditions, human citrated plasma and human skin epidermal extracts were used to examine SufA cleavage of H2B. H2B cleavage was carried out in reactions supplemented with 5 or 10% human citrated plasma ( fig. 8 a) . Higher concentrations of plasma could not be separated on an SDS-PAGE gel and so could not be tested. H2B was found to be completely degraded by SufA under these conditions. As can be seen from the gel, H2B is partly degraded in human plasma in the absence of SufA due to the presence of proteases in the plasma. In human skin epidermis, H2B was already present; however, SufA was unable to cleave it, which could possibly be due to altering of the histone structure during the epidermal skin extract preparation, or by being bound by another protein, and blocking the cleavage site. Hence, 3.3 μ M of recombinant H2B was added to the sample. As seen in figure 8 b, SufA appears to have cleaved the recombinant H2B, while the pre-existing H2B is unaffected. Degradation of histones by extracellular SufA could act as an important defence mechanism during infection, when F. magna are exposed to activated neutrophils. Inactivation of the bactericidal activity of histones would help F. magna to persist at an infection site. Taking into account FAF inactivation of histone bactericidal activity through binding, SufA acts as a double barrier to histone bactericidal activity against F. magna .
Discussion
F. magna is an opportunistic pathogen and its clinical incidence in infection is rising due to the increased use of foreign materials (such as catheters and joint replacement), a growing number of immunocompromised individuals and an increase in the elderly population [1, 2] . Among the GPAC, F. magna is probably the most pathogenic species and it is the organism most isolated in pure culture from different clinical infection sites [33] . Once it passes through the host's protective barriers, it must contend with the whole gambit of the host's immune response. One such response is the release of AMPs -effector molecules of innate immunity that rapidly respond to invading microorganisms. In the present investigation, F. magna was found to interact with and modulate the bactericidal effects of one particular type of AMPs, namely histones.
In the present study, the histones H2A, H2B and H4 were found to efficiently kill F. magna bacteria lacking the surface adhesion protein FAF. This protein is expressed on the surface of the majority of F. magna isolates, but it can also be released in the form of a 53-kDa fragment by the subtilisin-like protease SufA [14, 19] . Previous studies have shown that soluble FAF is able to neutralise the action of a variety of AMPs, including LL-37, midkine, BRAK/CXCL14 and hBD-3 [19, 20] . Here, we find that soluble FAF also interferes with the antibacterial function of the histones. Moreover, F. magna expressing FAF on its surface was more protected against the bactericidal activity of the histones. This protection was most obvious against histone H2B, which might be explained by a stronger binding to FAF or, possibly, a more effective antimicrobial activity of H2A and H4 against F. magna . Histones have a broad bactericidal activity, but some are more effective at killing certain types of bacteria than others. For example, the histone H2B isolated from Schegel's green tree frog Rhacophorus schlegelii was found to inhibit the growth of Escherichia coli but to have no effect on the growth of the Gram-positive bacterium S. aureus [34] . Additionally, SufA was found to cleave histones, which is in line with previous reports on SufA degradation of other AMPs, such as LL-37, MIG/CXCL3, midkine and BRAK/CXCL14, thereby reducing their antimicrobial activity [12, 14, 20] .
FAF mediates bacterial adherence during colonization through binding to BM-40 at the basement membrane of the skin via its highly conserved COOH-terminal end [19] . Its ability to bind to BM-40 may also result in delayed wound healing and skin proliferation as BM-40 is found in soluble form in wound fluid and plays an important role in wound closure [35] . This may help explain why F. magna is such a prominent pathogen in chronic wounds. The interaction between FAF and histones was also localised to the conserved COOH-terminal part of the protein. Binding and blocking bactericidal activity of AMPs may help F. magna survive as a commensal in the human skin epidermis and could also prevent killing during infection.
The antimicrobial function of histones can be seen quite dramatically when neutrophils exude neutrophil extracellular traps, consisting of DNA and histones. Such traps function as both physical and antimicrobial barriers to pathogens during infection and are effective against both Gram-negative and Gram-positive bacteria [25] . A recent study showed that histone H4 is a major antimicrobial component released by sebocytes of the sebaceous gland in the skin [26] . These cells release a lipid-rich sebum onto the skin surface, but they are also thought to have an innate immune defence function through the AMP release [26] . Histone H4 was found to have antimicrobial activity against S. aureus and Propionibacterium acnes , both of which are potential pathogens of the human pilosebaceous unit [26] . This study suggests that commensals living in the skin, such as F. magna , may be periodically exposed to AMPs such as histones, so the ability to neutralise their effects is necessary to be an effective coloniser. Another study reported that histones H2A, H2B, H3 and H4 are detectable in the cell lysate of Jurkat and HeLa cells as a result of apoptosis induced by a death receptor [36] . They discovered that core nucleosomal histones are separated from chromatin during apoptosis. However, in some cases, DNA fragmentation occurred, but no histone release could be detected. Their 403 results suggested that not every feature of apoptosis could be detected in every apoptotic setting [36] . Nevertheless, this study showed that histones are released under some apoptotic settings, suggesting that commensals, such as F. magna , could be exposed to histones during cell turnover. In a study by Frick et al. [20] , protein FAF was found to be more competent at binding and neutralising the antibacterial proteins midkine and BRAK/CXCL14 than protein SIC from Streptococcus pyogenes . This is an important survival mechanism for commensal bacteria such as F. magna , as these AMPs are constitutively expressed in the basal parts of the epidermal layer as a protective mechanism during normal non-inflamed conditions [37] . Unlike pathogenic bacteria, such as S. pyogenes , it does not interfere with host homeostasis, cause inflammation or induce the release of AMPs such as β-defensins [20] . Most likely, F. magna deals in a similar way to histones as to constitutively expressed AMPs. Exposure to histones through their release from the sebaceous gland and/or cell turnover is dealt with by neutralisation with SufA and FAF, allowing F. magna to maintain its protected ecological niche at the basement membrane.
The ability of F. magna to combat histone bactericidal action may mean that it has an increased chance of survival compared to other bacteria. Furthermore, the protective mechanism of FAF and SufA as a double barrier against histone antimicrobial activity could help F. magna survive as a commensal in the human skin epidermis, but it is also a distinct advantage during opportunistic infections.
